This study examines the validity of using ICD-10 codes to identify hospitalized pneumonia cases. Using a case-cohort design, subjects were randomly selected from monthly cohorts of patients aged o65 years discharged from April 2000 to March 2002 from two large tertiary Australian hospitals. Cases had ICD-10-AM codes J10-J18 (pneumonia) ; the cohort sample was randomly selected from all discharges, frequency matched to cases by month. Codes were validated against three comparators : medical record notation of pneumonia, chest radiograph (CXR) report and both. Notation of pneumonia was determined for 5098/5101 eligible patients, and CXR reports reviewed for 3349/3464 (97 %) patients with a CXR. Coding performed best against notation of pneumonia : kappa 0 . 95, sensitivity 97 . 8 % (95 % CI 97 . 1-98 . 3), specificity 96 . 9 % (95 % CI 96 . 2-97 . 5), positive predictive value (PPV) 96 . 2% (95 % CI 95 . 4-97 . 0) and negative predictive value (NPV) 98 . 2% (95)(96)(97)(98)). When medical record notation of pneumonia is used as the standard, ICD-10 codes are a valid method for retrospective ascertainment of hospitalized pneumonia cases and appear superior to use of complexes of symptoms and signs, or radiology reports.
INTRODUCTION
All-cause pneumonia is an important clinical endpoint for determining vaccine effectiveness (VE) for 23-valent pneumococcal polysaccharide vaccine (23vPPV) and influenza vaccine. It represents a greater part of the burden of disease due to these organisms, and a trade-off between a highly specific but insensitive outcome measure such as pneumonia associated with pneumococcal bacteraemia or microbiologically proven influenza and a sensitive, but non-specific surrogate outcome such as allcause mortality. However, accurate identification of pneumonia cases is not straightforward. Clinical criteria alone are imprecise [1] . There remains no internationally agreed definition for pneumonia based on clinical symptoms and signs and no one sign or symptom, nor combination of these has ever been shown to clearly differentiate pneumonia from other respiratory illnesses [2] [3] [4] . There is also no ideal diagnostic test for microbiological diagnosis [1] , and while chest radiograph (CXR) is often useful to confirm the diagnosis of pneumonia and its severity [1] , it also has limitations [5, 6] . Because of the difficulties in defining and identifying cases of pneumonia using clinical, radiological or microbiological criteria, codes from the International Classification of Diseases (ICD), overseen by the World Health Organization (WHO), are frequently used as surrogate measures to identify hospitalized patients with pneumonia in studies of VE for 23vPPV and influenza vaccine [7] [8] [9] [10] [11] . These codes have become the international standard for disease classification [12] .
Use of standardized codes to retrospectively identify cases of pneumonia among hospitalized patients is appealing to researchers primarily because of time efficiencies (compared with the alternative of reviewing hospital records for clinical, radiological and/or laboratory evidence consistent with pneumonia). Despite the practical advantages and continued use of ICD codes by researchers to identify cases of pneumonia, at the time of this research only two small studies (<150 subjects) have examined the validity of this approach for all-cause pneumonia [13, 14] , while a third has examined codes for pneumococcal pneumonia [15] . These studies, all from North America, used ICD-9-CM codes and suggested ICD codes may be a valid tool for case ascertainment of pneumonia. However, further examination is prudent given the paucity of available data and the potential for differences in other settings. As part of a case-cohort study [16, 17] examining VE for 23vPPV and influenza vaccine against pneumonia in the elderly in Australia where these vaccines are provided free of charge, we examined the validity of ICD-10-AM codes to identify cases of pneumonia among hospitalized patients.
METHODS

Study subjects
Cases of pneumonia were identified from monthly separation lists of completed admissions for patients aged o65 years from two major teaching hospitals (Royal Melbourne Hospital and Western Hospital Footscray) for the period 1 April 2000 to 31 March 2002, using ICD-10-AM codes J10-J18 (pneumonia including those cases due to influenza) [18] . These two hospitals represent about 11 % of the total hospitalized population and 13 % of all hospitalizations for pneumonia for those aged o65 years in Victoria [19] . Eight coders at each hospital (each with a three-year university degree in Health Information Management) assigned codes as per Australian standards [20] . Pneumonia was identified if one or more of these codes appeared in any of the 14 diagnostic code positions for each hospital separation. Cases were also eligible for selection in the cohort as a case-cohort design. If a subject appeared on the hospital separation list more than once in any given month, one episode was selected at random, and the rest excluded from analysis. For month-to-month repeat separations for pneumonia for an individual, the first selected admission was retained and subsequent episodes excluded to minimize any Hawthorne effect from study participation affecting vaccination status [21] . Patients were excluded from monthly separation lists if not resident in Victoria or if admitted for short-stay procedures such as dialysis and chemotherapy (ICD-10-AM codes Z49.1, Z49.2 and Z51.1). Cohort subjects were randomly selected from monthly separation lists, frequency-matched to the cases. Over-sampling was conducted to allow for subsequent exclusion of repeat admissions in the cohort, as well as those subjects also selected as cases. After exclusions, a total of 1 . 2 times the number of cases was selected using a random number generator. A cohort subject could be selected only once each month and admissions selected for the same subject in subsequent months were excluded.
Examination of the validity of codes for subgroups of microbiologically proven pneumococcal pneumonia (J13) or pneumonia associated with proven influenza (J10 and J11) was not conducted due to small numbers in these subgroups (S. pneumoniae pneumonia was coded in only 11 first-presentation pneumonia cases, and there were none coded as influenza pneumonia).
Development of comparators for pneumonia ICD-10 codes
Given the difficulty of defining a reference standard for the diagnosis of pneumonia, three comparators were developed for the purpose of examining the validity of ICD-10 coded cases using retrospective chart review : (1) medical record notation of 'pneumonia ', (2) CXR report and (3) both, since interpretation of both clinical and radiological findings is generally used in clinical practice to make a definitive diagnosis of pneumonia. As ICD-10 codes were not integrated with the database until after completion of the study, record review occurred blinded to coding status.
Hospital records for the selected admission were reviewed for notation of 'pneumonia ' as a diagnosis considered probable by the clinical team under whose care the patient was admitted. This notation was considered most likely to be consistent with a diagnosis of pneumonia given it would be based on all information available to the clinical team at the time of discharge (thus having both face and content validity). To examine relevance of signs and symptoms in retrospective identification of pneumonia, for patients with notation of pneumonia, the documentation of cough, sputum production, pleuritic chest pain, fever o37 . 5 xC, shortness of breath, crackles (crepitations), and aspiration was also sought (definitely present, definitely absent or not recorded) ; these being the most common symptoms and signs of pneumonia suggested by descriptive studies of pneumonia [3, 22] .
Two trained research assistants used pre-specified criteria to interpret radiologists' reports for all study subjects with CXRs undertaken as part of routine management. Pneumonia was defined as 'lobar ' (any opacity confined to a lobar anatomical distribution), ' bronchopneumonia ' (opacity distributed beyond a single lobe in conjunction with terms that are similar to or include the words 'patchy ' and/or ' airspace '), ' other ' (opacity consistent with pneumonia not previously classified) and 'not pneumonia ' (none of the above).
For patients with more than one CXR during their selected admission, the first abnormal report was reviewed blinded to other reports. When reports could not be confidently interpreted, two of the investigators (S.S., a paediatrician, and D.C., an adult respiratory physician) made the final assessment. High inter-operator agreement was first established on a sample of pilot subjects (the study was piloted in full for 1 month prior to study commencement). We independently reviewed CXR reports for consecutive groups of 20 pilot subjects and compared interpretation for agreement. No further groups were examined and review of study reports did not commence until a kappa statistic [23] indicating >95 % concurrence was achieved. Consensus was obtained on subsequent 'in dispute' reports after independent review and before data entry. For the main analysis, outcomes were categorized as ' consistent with pneumonia ' (lobar pneumonia, bronchopneumonia or other pneumonia) or not.
Statistical methods
The validity of ICD-10 codes for identification of cases of pneumonia in hospitalized patients was examined by comparing codes J10-J18 as a group vs. the three comparators. Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) were calculated using STATA version 9.1 [24] . In addition, because of the absence of a true reference standard, raw data are presented with percentage agreement between ICD-10 codes and the comparators and kappa statistics (agreement adjusted for chance agreement) were calculated. The effect of hospital of separation and season on coding validity was examined using stratification. The influenza season, defined by influenza surveillance independent of this study [25] was used as a proxy for a period of increased pneumonia activity.
To determine the extent of any effect of repeat admission for pneumonia on coding practices, analyses were repeated with inclusion of all selected subjects. 
RESULTS
Study subjects
There were 2319 first presentations coded as pneumonia and 2912 first-presentation cohort subjects, including 130 who were also selected as cases, giving a total of 5101 eligible study subjects (Figures 1 and 2) . The mean age of eligible subjects was 77 years and 2740 (54 %) were male. CXRs were conducted for 3464/5101 (68 %) subjects (96 % of cases and 47 % of cohort subjects), and of these 3349 (97 %) (97 % of cases and 97 % of cohort subjects) had radiology reports available for review.
Validity using medical record notation of pneumonia as the comparator
Clinical notation of pneumonia (yes/no) was able to be determined for 5098/5101 subjects (99 . 9 %). Of these, 2281 (45 %) had pneumonia documented as a probable diagnosis, representing 2230/2318 (96 %) ICD-10-coded cases and 51/2780 (2 %) ICD-10-coded non-cases. Among cohort subjects, 128/179 (72 %) pneumonia notations had pneumonia defined by ICD-10 codes. There was a very high level of agreement between ICD-10-coded pneumonia or nonpneumonia and clinical notation, with a kappa statistic of 0 . 95 and high sensitivity, specificity, PPV and NPV (Table 1) . Stratification by season and hospital of selection indicated these factors did not play an important role, with small differences between strata in real terms (range 0 . 1-5 . 5 %).
Among the 2281 subjects with notation of pneumonia, a median of four (range 0-6) of the seven symptoms and signs of interest were present. Three or more were present in 1911/2281 (84 %). The symptoms and signs that were most frequently recorded as present or absent and that were present most often were crackles (92 %), shortness of breath (74 %), cough (71 %), fever o37 . 5 xC (66 %) and sputum production (54 %) ( Table 2 ).
Validity using CXR as the comparator
Of 5101 eligible subjects, 3464 (68 %) had had a CXR conducted, representing 2239/2329 (96 %) subjects with ICD codes for pneumonia and 1374/2927 (47 %) subjects not coded as having pneumonia. Eightyseven of 5101 (1 . 7 %) subjects had no CXR performed and an ICD-coded diagnosis of pneumonia. In total, 3345/3464 (97 %) subjects with a CXR had radiology reports available for review and 1724/3345 (51 %) with CXR reports had some form of pneumonia based on review (bronchopneumonia 24 . 8 %, lobar pneumonia 24 . 8 %, other pneumonia 0 . 2 %, not pneumonia 46 . 8 %, investigator unsure 0 . 1 %). This represented 1538/2154 (71 %) ICD-10-coded cases and 186/1191 (16 %) ICD-10-coded non-cases with a report. A good level of agreement was present between pneumonia status according to ICD-10 codes and CXR report (kappa 0 . 52) ( Table 1) . No difference in estimates was found when stratifying by season, and only one difference in strata-specific estimates for NPV when stratifying by hospital suggesting a true difference (x5 . 5, 95 % CI x9 . 8 to x1 . 3).
Validity using CXR plus medical record notation of pneumonia as the comparator The level of agreement was similar to that of CXR report alone (kappa 0 . 60) ( Table 1) . Indicators of validity were within the range provided by the previous two comparators, except for PPV which was lower (Table 1) . Stratification indicated no effect of season or hospital of separation on estimates (data not shown). Estimates for validity also changed very little when all cases of pneumonia were included rather than just first presentations (data not shown).
ICD-10 codes and diagnostic positions used for pneumonia
The most common ICD-10 codes used and the diagnostic positions (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) in which they occurred during the study period for the 2319 eligible first-presentation cases of pneumonia are shown in Table 3 . Eight subjects (0 . 3 %) had two codes for pneumonia assigned. By far the most common ICD-10 code used for cases of pneumonia was J18.9 (pneumonia, unspecified) which comprised 91 . 5% (2122/2319) of all first cases of pneumonia. The next most common codes were J18.0 (bronchopneumonia, unspecified) : 1 . 6 % (37/2319) and J15.1 (pneumonia due to Pseudomonas): 1 . 4% (32/2319). Of first-presentation cases of pneumonia with codes J10-J18 listed, codes for pneumonia occurred most frequently in diagnostic position 1 (50 . 8%). A total of 82% of cases were documented in the first four positions and 95 % in the first eight positions.
DISCUSSION
These data confirm the validity of ICD-10 codes for the retrospective identification of persons discharged from hospital with a diagnosis of pneumonia. Using medical record notation of pneumonia as the comparator, we were able to exclude estimates for sensitivity, specificity, PPV and NPV of less than 95%. Given that coding staff are trained to translate hospital record notations into codes in a way that captures as much information as possible [20] , rather than by searching for individual symptoms and signs, these data confirm that the coding process is being performed at a high standard in the two hospitals studied.
This study found somewhat higher levels of internal validity for ICD-10 coding as a tool for identifying persons discharged from hospital with pneumonia than previous studies conducted outside Australia using ICD-9 codes [13] [14] [15] . The differences in results may be explained by differences in design (see below) or setting (e.g., coding practices or training). In Victoria, for instance, a high level of training is required for clinical coders, there is linking of hospital funding to codes, and annual audits of coding accuracy are conducted by independent and/or government agencies. In general, results from earlier studies were nonetheless favourable towards use of ICD codes as a diagnostic tool.
Marrie and colleagues examined ICD-9-CM codes (011.6, 021.2, 136.3, 480-487, 506-507) in a prospective study of 105 adult patients hospitalized with pneumonia [13, 26] . Codes 480-487 correspond to ICD-10-AM codes J10-J18 [18] . The comparator utilized was clinical pneumonia diagnosed within 48 h of admission by medical staff, plus a new opacity on CXR consistent with pneumonia confirmed by the researchers. The study estimated sensitivity of 69 % and PPV of 57 % for these ICD codes as a group. Another small study of agreement compared 144 ICD-9-CM classified cases of community-acquired pneumonia (CAP) (codes 480-487 plus 13 other codes that might capture pneumonia [27] ) with a reference standard for pneumonia using retrospective review of clinical records and CXR reports [14] . Confirmation of CAP by clinical review required symptoms compatible with pneumonia within 24 h of admission and a report consistent with pneumonia from a CXR within 48 h of admission. Where the diagnostic code for CAP was in the principal diagnosis position, compared with review of clinical records, codes had a sensitivity of 84%, specificity of 86 %, PPV of 92 % and kappa of 0 . 68. A further study by Guevara and colleagues is not directly comparable as the investigators examined the validity of ICD-9-CM codes for the subcategory of pneumococcal pneumonia against various clinical definitions [15] . Inclusion criteria for the analysis of CAP requiring hospitalization included age o18 years, CXR within 48 h of admission consistent with pneumonia in a patient with any one of fever, abnormal white blood cell count, hypothermia or productive cough. With removal of the narrowest of the six diagnostic coding groups (code for pneumococcal septicaemia only : 38 . 20), ranges for a combination of codes indicative of pneumococcal pneumonia were sensitivity (55-85 %) and NPV (93-95 %) [15] . With removal of the broadest of the six diagnostic coding groups (all six evaluated codes : 38.20, 481.00, 38.00, 482.30, 518.81, 486.00), the range for specificity and PPV was 96-100 % and 72-95% respectively. A recent study conducted since completion of our study confirms estimates for validity in the same range as the studies by Marrie et al. and Guevara et al. [28] . Aronsky and colleagues compared ICD-9 codes 480-483 plus 485-487 with a reference standard requiring : a CXR report compatible with pneumonia, an ICD-9 code for or discharge diagnosis of pneumonia, at least a 1 % probability of pneumonia calculated by a decision support system [29] , notation of 'pneumonia ' in the medical notes and a consensus vote of pneumonia as the diagnosis by three independent physicians. Estimates for validity were: sensitivity 55 % (95 % CI 48-61), specificity 99 % (95 % CI 99-99), PPV 84 % (95 % CI 77-90) and NPV 96 % (95 % CI 95-97). Our choice of ICD-10-AM codes J10-J18 to identify cases of hospitalization of pneumonia is consistent with previous studies examining VE of influenza vaccine and 23vPPV against pneumonia [7, 8, 10, 11, 30] . Most researchers have utilized ICD-9 codes 480-487, equivalent to ICD-10-AM codes J10-J18 [7, 10, 11, 30] . Two of the previous studies examining validity of ICD-9 codes used a more inclusive set of codes [13, 14] which may also partially explain their lower levels of estimated validity.
Although this study did not examine individual signs and symptoms consistent with pneumonia for all participants, previous studies suggest that symptom complexes are likely to be inferior to ICD-10 codes as a tool for researchers to retrospectively identify cases of pneumonia [2] [3] [4] . In our study, review of hospital records for subjects with notation of pneumonia found 84 % had at least three of the seven symptoms and signs of interest.
It may not be surprising that using radiology reports as a reference standard to define pneumonia retrospectively did not result in close agreement with ICD-10 codes. First, non-specific language was often used. Words such as 'opacity' were frequently used to describe the appearance of a CXR rather than reporting a definitive diagnosis, and may indicate pathology other than pneumonia. We did not attempt to review chest radiographs themselves. While it is possible that radiologist review of CXRs (rather than of their associated reports) may be of greater diagnostic value, limited data suggest this is also imperfect. One study of 282 patients with pneumonia confirmed by a radiologist found that the agreement rate by a further two radiologists was only 79 % [5] . A standardized approach to the interpretation of adult CXRs is not yet available, however, future developments may improve the usefulness of radiology reports in reference standards for pneumonia for future studies. Although a standardized approach to interpretation of paediatric CXRs has been developed, this has not yet been correlated with clinical disease and is only valid for prospective studies following specific training of reviewers [31] .
Code J18.9 for 'unspecified pneumonia ' comprised over 91% of all hospital separations for pneumonia. Therefore while ICD-10 codes are both sensitive and specific for the identification of all-cause pneumonia, they are unlikely to be helpful, at least in this setting, for the identification of subcategories of pneumonia.
A key limitation in this area of research is the lack of a reference standard for diagnosis of pneumonia against which to compare ICD-10 codes. However, analyses were conducted using three comparators suggested by review of the literature and this study was large enough to exclude a sensitivity, specificity, NPV and PPV for ICD-10 codes for pneumonia of Table 3 . ICD-10 codes used to describe pneumonia by diagnostic code position (1-14)
Code Description  Rank 1  2  3  4  5  6  7  8  9  10  11  12  13 , unspecified  1  1096 387  165 105 83  74  60  43  29  18  27  15  11  9  2122  91 . 5   Total  -1182 432  183 114 95  81  65  46  33  23  31  20  12  10 less than 95% when compared with medical record notation of pneumonia. Kappa statistics for agreement were very high. There were few missing data for any comparator, with 97 % of radiology reports available for eligible subjects, and notation of pneumonia able to be determined for all but three subjects. Selection bias was minimized by random selection of the cohort, frequency sampling by month, and exclusion of non-Victorian residents. Measurement bias was reduced by blinding data collectors to ICD-coded case status, rigorous training and monitoring, and piloting of the study. Estimates made using all episodes of pneumonia were virtually identical to those made using only first presentations, suggesting that repeat presentations were not coded differently and their exclusion from the primary analyses was unlikely to have biased the estimates of validity. Generalizability to the wider population of hospitalized elderly persons in Victoria may be limited, however, the two participating hospitals were very large central tertiary centres and likely to be representative of this setting.
In conclusion, when medical record notation of pneumonia is used as the standard, we found ICD-10 codes are a valid method for retrospective ascertainment of hospitalized cases of pneumonia and are likely to be superior to use of complexes of symptoms and signs, or interpretation of radiology reports.
